Most of the marine phytoplankton species for which data are available are rate saturated for photosynthesis and probably for growth with inorganic C at normal seawater concentrations; 2 of the 17 species are not saturated. Photosynthesis in these two species can probably be explained by assuming that CO, reaches the site of its reaction with RUBISCO (ribulose bisphosphate carboxylase-oxygenase) by passive diffusion. The kinetics of CO, fixation by intact cells are explicable by RUBISCO kinetics typical of (eucaryotic) algae, and a CO,-saturated in vivo RUBISCO activity not more than twice the in vivo light-and inorganic-C-saturated rate of photosynthesis. For the other species, the high affinity in vivo for inorganic C (and several other attributes) could be explained by postulating active influx of inorganic C yielding a higher concentration of CO, available to RUBISCO during steady state photosynthesis than in the medium. Although such a higher concentration of internal CO, in cells with high affinity for inorganic C is found at low (subseawater) levels of external inorganic C, the situation is more equivocal at normal seawater concentrations. In theory, the occurrence of a CO,-concentrating mechanism rather than passive CO, entry (with consequent glycolate synthesis and metabolism or excretion) could reduce the photon, N, Fe, Mn, and MO costs of growth, but increase the Zn and Se costs. Thus far, data on costs are available only for photons and N; these data generally agree with the predicted lower costs for cells with high affinity for inorganic C. The ecological significance of these attributes is that most marine phytoplankters are not likely to have photosynthetic or growth rates reduced by the measured decreases in inorganic C in productive seawater, drawdown of inorganic C in productive seawater (or increase as atmospheric CO, increases) might alter the competitive balance between cells with low and high affinity for inorganic C, and differences in the effectiveness of use of other resources between cells with high and low affinity could cause differences in the rate and extent of resourcelimited growth for communities dominated by high-affinity or low-affinity cells.
The influence of external inorganic-C concentration on growth and photosynthesis by marine phytoplankton organisms has been little investigated relative to the effects of concentrations of NH4+, N03-, urea, HP042-, and Si(OH),, or even the experimentally less tractable transition metals. The related phenomena of the small drawdown of inorganic-C levels in highly productive (N, P, Fe-rich) regions of the ocean and the (inferred) absence of growth limitation of marine phytoplankton by inorganic C can explain this relative neglect. However, the data discussed here (see Raven 199 la, b;  Raven and Johnston in press) show that there are major differences between marine phytoplankton species with respect to inorganic-c affinity, that these differences could alter relative competitive abilities within the observed ranges of inorganic C at the ocean surface (e.g. Rau et al. 1989) , and that the likely differences in mechanism between cells with high and low affinity for inorganic C could be associated with differences in the cost of photons, N, Fe, Mn, or MO for growth. Table 1 shows values from the literature (and unpublished work on Phaeodactylum tricornutum) on the half-saturation values for acquisition of inorganic C in photosynthesis. The data can be divided into two groups, a large one with a K,,2 for CO2 of < 1.7 mmol ma3 ( 15 of 17 species), while the other organisms (Emiliania huxleyi, Stichococcus minor) have K, values for CO2 of 9.0 mmol me3. Objections can be raised as to the small number of species examined and the extent to which they are representative of oceanic phytoplankton, but the 17 species examined cover eight major taxa Table 1 . K,/, values (mmol m-3) for inorganic C in marine phytoplankton photosynthesis, expressed in terms of free CO, and of HCO,-. All data for cells grown at air-equilibrium CO, levels; experiments conducted in seawater or artificial seawater at pH 7.5-8.0, temperature 18?-25°C; see original reference for specific details. Except for A. carterae, the first value for P. tricornutum, and A!?. huxleyi, for which inorganic 14C was used, all data relate to inorganic-C-dependent 0, evolution. Aizawa et al. 1985 58 Caperon and Smith 1978 Pate1 and Merrett 1986 Bums and Beardall 1987 Rees 1984 Johnston and Raven 199 1, unpubl. Caperon and Smith 1978 (classes) (i.e. the cyanobacteria, Rhodophyceae, Chlorophyceae, Bacillariophyceae, Dinophyceae, Eustigmatophyceae, Prymnesiophyceae, and Cryptophyceae, Raven 1991a,b). The organisms with a high affinity for inorganic C have correlated features of gas exchange including a low CO2 compensation concentration (i.e. the free CO2 level attained in the light on a closed system regardless of whether the experiment starts with zero CO, or air-equilibrium CO,) and relatively small effects on photosynthetic rate due to variations in 0, concentration below air-equilibrium values (Raven 199 la,b; Raven and Johnston in press). When cells are grown at higher levels of inorganic C the inorganic-C affinity for photosynthesis decreases (Aizawa et al. 1985; Rees 1984) so that the cells become more similar to the two species with low affinity for inorganic C when grown in normal seawater (i.e. E. huxleyi and S. minor, Table  1 ).
Physiology of inorganic-C acquisition
Biochemistry of inorganic-C acquisition FLUBISCO (ribulose bisphosphate carboxylase-oxygenase) is the only carboxylase which brings about CO2 fixation in a compound (3-phosphoglyceric acid) that can rea'dily be reduced to products at the carbohydrate level of reduction, starting with glyceraldehyde-3-phosphate, in O,-evolving organisms (see Raven 1984a, 199 1 a, b) .
The evidence from actively growing cultures of marine phytoplankton organisms shows that RUBISCO is also the primary carboxylase in these organisms, i.e. there are no obligate covalently bonded intermediates between exogenous inorganic C and the C, intermediate compound of the RUBIS-CO carboxylase reaction (Kerby and Raven 1985; Raven 1984a Raven , 1991a . This conclusion does not deny the importance of anaplerotic inorganic C fixation in the synthesis of certain amino acids, pyrimidines, etc. (Luinenburg and Coleman 1990; Vanlebergh et al. 1990; Raven and Farquhar 1990) or that inorganic C, once fixed by (e.g.) phosphoenolpyruvate carboxylase and released by decarboxylation, can be refixed by RUBISCO.
The RUBISCO from algae is at best only half-saturated with CO, at air-equilibrium values of 0, and CO,; the CO, affinity of cyanobacterial RUBISCO is even lower (Raven 1984a; cf. Yokota and Kitaoka 1985) . Like all RUBISCOs, algal and cyanobacterial enzymes have oxygenase activity which competes with the carboxylase activity and produces phosphoglycolate (Fig.  1) . Furthermore, there is only l-2 times as much RUBISCO activity at CO2 saturation in algae as is needed to account for lightand CO,-saturated photosynthesis in vivo (Raven 1984a, 199 la, b) , which is possibly related to the large size and low specific reaction rate of the enzyme and consequent high synthetic costs in terms of such potentially limiting resources as photons and N (see Fig. 1 ). Figure 2 shows that the in vivo photosynthetic characteristics of E. huxleyi as a function of CO* concentration are potentially explicable by diffusive CO2 entry followed by fixation by RUBISCO, i.e. a similar mechanism to that found in C3 land plants (Edwards and Walker 1983; Raven 199 1 a, b) . Diffusive CO, entry at a rate that could explain the rate of CO2 fixation in E. huxleyi shown in Fig. 2 , granted the size of the cells and the RUBISCO kinetics and activity indicated above, could be accounted for by a CO2 permeability (Pco,) of the lipid component of the plasmalemma of 1 O-3 m s-l, as found by Gutknecht et al. (1977; see Simon and Gutknecht 1980; Lucas 1985; Raven 1990a). It is important to note that the dominant species of inorganic C in seawater (HC03-) has a permeability coefficient at the plasmalemma that is negligible in the context of photosynthetic rates for E. huxleyi ( Fig. 2) : Raven (1984a). Furthermore, even if the plasmalemma had a porter that permits passive HC03-equilibration, the inside-negative electrical potential difference across the plasmalemma of marine algal cells would restrict internal HC03-concentrations to less than a tenth of the external value (Raven 1984a).
Figure 2 also shows that the photosynthesis-CO, concentration relationship for P. tricornutum involves a photosynthetic Table l ), normalized to C-specific growth rates in saturating, continuous light in air-equilibrated seawater from Fawley (1984) and Paasche and Klaveness (1970) . For comparison, we show RUBISCO activity with a K,,2 of 12 mmol m-3 (cf. ) and a V,,, sufficient to account for the CO, limited part of the photosynthesis-CO, relationship, i.e. 3 x lO-5 mol C (mol cell C)-l s-' (cf. Yokota and Canvin 1985; Raven 1991a,b) . rate at subsaturating level of CO2 which is at least 10 times what can be accounted for by diffusive CO2 entry followed by RUBIS-CO activity. The currently fashionable explanation for the inorganic-C assimilation data on Phaeodactylum, and other microalgae with a high affinity for inorganic C, is that active influx of one or more species of inorganic C at a membrane (or membranes) between the bulk medium and RUBISCO (reviewed by Aizawa and 'Miyachi 1986; Raven 1984a Raven , 1991a Raven and Johnston in press ). Such active transport would not only explain the photosynthesis-CO, concentration relationship, but also by increasing the CO, : O2 concentration ratio around RUBISCO, the restricted activity of the oxygenase relative to the carboxylase as shown by the relative insensitivity of photosynthesis to external 0,concentration in the near-zero to air-equilibrium range and a restricted flux through phosphoglycolate (Raven 1984a; Kerby and Raven 1985) .
Biophysics of inorganic-C acquisition
The most direct evidence favoring active transport of inorganic C is the demonstration,, during photosynthesis, of a CO2 concentration in the cells exceeding that in the medium. In view of the net uptake of in organic C during photosynthesis, this excess is prima facie evidence for active influx of an inorganic-C species. If HC03-is transported, and this transport occurs (as seems likely) at the plasmalemma, then a higher internal than external concentration of inorganic C also requires active movement of the transported species (HCO,3 because the inside-negative electrical potential difference: is not offset energetically by a lower value of internal than external pH (see Bearda11 and Raven 198 1) . If CO, is the species transported, then a higher internal than external concentration of CO, is direct evidence for active CO, influx. In practice, measurements of internal CO, concentra-tion involve measurement of intracellular total inorganic C and pH by means of the silicone oil centrifugation (or a filtration) technique.
The conclusion from such work on marine organisms, using seven strains of marine microalgae with high affinity for inorganic C, is that these organisms have a higher internal than external CO2 concentration, with an internal : external ratio ranging from 2 to 100 (Badger and Andrews 1982; Burns and Beardall 1987; Munoz and Merrett 1988; Johnston and Raven 199 1; cf. Pate1 and Merrett 1986) . While these findings, albeit on a limited subset of the organisms in Table 1 , are in agreement with the suggestion that the high affinity for inorganic C of these cells is a result of the action of a mechanism actively transporting CO2 and (or) HC03-into the cells, several notes of caution must be borne in mind.
One problem is that the data showing a higher intracellular than extracellular COZ concentration generally involve external COZ, and total inorganic C, concentrations that are substantially less than that found in normal seawater (2-2.2 mol m-3). Measurements made at normal seawater concentrations of inorganic C using P. tricornutum (Johnston and Raven 199 1, unpubl.) show mean intracellular concentrations of organic C not greater than those in the medium; allowing for the lower intracellular than extracellular pH, a localized (in the chloroplasts, or pyrenoids) internal level of COZ not more than 2-3 times that in the medium is possible. Reference to Fig. 2 shows that, even with a lower CO, affinity and (or) C02-saturated activity for RUBIS-CO, such a 2-3-fold accumulation of CO2 in the cells could account for the in vivo rate of light-saturated photosynthesis in seawater. The same mechanism of active inorganic-C influx occurring over the entire range of external inorganic C tested (O.l-2.0 mol m-3), with a transinhibition mechanism preventing internal inorganic C >2 mol m-3, could explain the data. Clearly such an interpretation would not allow complete suppression of oxygenase activity of RUBISCO in vivo (Kerby and Raven 1985; Raven 1984a Raven , 1991a .
A second problem relates to the absence of molecular identification of the protein involved in active influx of inorganic C, even in the well-investigated freshwater cyanobacteria and green microalgae (Ogawa 199 1; Raven 199 la, b) . The protein should be a significant fraction of the protein in the membrane. For P. tricornutum cells 5 pm in diameter, the specific growth rate in Fig.  2 requires (assuming 125,000 g C m-3 cell volume) a net influx of inorganic C of 0.15 pmol rns2 of plasmalemma per second. The tracer influx of inorganic C can exceed the net influx by at least 4-fold (Johnston and Raven 199 1, unpubl.) , i.e. a flux of 0.60 pmol mm2 of membrane. With a specific reaction rate of the porter of lo3 s-l and a M, of lo5 Da (Raven 1984a), there is a predicted 60 pg of protein in the putative porter per square meter. If we assume a membrane 8 nm thick and a membrane volume of 600 kg protein mm3 (Raven 1984a), the membrane would have a protein content of 4.8 mg m-2. On the basis of the above analysis, the inorganic-C porter should be about 0.0 125 of the total membrane protein. This estimate is minimal (Raven 1984a), so the inorganic-C porter should be fairly readily detectable, especially if it increases during the derepression when cells grown at high levels of inorganic C are switched to lower levels of inorganic C.
A third problem is that the inorganic-C pumping mechanism would be very energetically inefficient if the CO, permeability of the membrane (Pco,) is as high as is generally believed, i.e. at least 10e3 m s-l (Gutknecht et al. 1977; Simon and Gutknecht 1980; Raven and Lucas 1985; Raven 1990a ). This problem is particularly important if CO2 is the species of inorganic C released into the cytosol or (if HC03-is released) there is a high carbonic anhydrase activity throughout the cytosol which generates CO, near the plasmalemma as well as near RUBISCO. This latter point was addressed by Price and Badger ( 1989) who expressed human carbonic anhydrase in the cyanobacterium Synechococcus PCC 7942 and showed that this expression increased leakage of inorganic C (CO,) from the intracellular pool of inorganic C produced by the inorganic-C pumping mechanism. It appears that the native Synechococcus carbonic anhydrase is of limited activity and is restricted to the carboxysomes, where the CO, generated from HC03-is fixed by the high RUBISCO activity rather than leaking from the cells.
The expression of human carbonic anhydrase seems to provide a high carbonic anhydrase activity outside the carboxysomes which increases CO2 concentration just inside the plasmalemma and thus increases CO2 leakage (Price and 'Badger 1989) . The observed efflux of inorganic-C tracer from photosynthesizing cells with a high affinity for inorganic C suggests a Pco, not greater than 1 O-7 m s-l, a value not readily reconciled with the value quoted above. However, Baier et al. (1990) and Gimmler et al. (1990) suggest a lower value for Pco2 in lipid membranes than 10m3 m s-l and further suggest that the Pco2 of the plasmalemma of terrestrial C3 plants is increased above the lipid value by protein channels catalyzing relatively specific passive uniport (Raven 1984a) of CO,. Ex hypothesis, such channels would be operative when cells were relying on diffusive entry of CO2 but not when active transport of inorganic C occurred; under these conditions passive CO, transport would shortcircuit the pump.
The possible occurrence of CO, uniport channels can be used to address the problem of not detecting an increase in integral membrane protein upon derepression of the state of high affinity for inorganic C. The possibility here is that the putative CO, channel acts as the transmembrane component of the inorganic-C pump in conjunction with a peripheral membrane protein. An analogy here is the (C)F, component of the ATP synthetase complex of mitochondria and chloroplasts, which acts as a passive H+ uniport channel when operating independently of the peripheral membrane protein complex, (C)F, (Raven 1984a) . The problem would then become one of finding an inducible peripheral membrane protein that would convert a passive CO2 uniport into active inorganic-C uniport by adding an energy-transforming catalytic component.
A fourth (and final) point which requires resolution is the relationship between C isotope discrimination and the mechanism of inorganic-C entry. A key datum in interpreting the natural abundance of C isotopes in marine phytoplankton is the intrinsic discrimination between 12C02 and 13C02 shown by RUBISCO, the enzyme which catalyzes the fixation of most inorganic C entering the cells (see above). Farquhar et al. (1989) (Estep et al. 1978a ) with the same technique yielding an identical value for RUBISCO from the cyanobacterium Agmenellum (Estep et al. 19783) . Another approach to the value of aR for the RUBISCO of phytoplankton organisms is the use of in vivo measurements of 13C : 12C in algal cells and in the CO, on which they are growing in cases in which active transport of inorganic C does not occur and in which diffusive entry of CO, does not cause a major limitation on the rate of CO;! fixation. Both of these desiderata are met by growing cells at high concentrations of C02, because high CO2 represses active transport of inorganic C and minimizes diffusive restriction of CO2 fixation (Raven 199 la,b). The only two major taxa of O,-evolving microphototrophs for which such data are available are the cyanobacteria and Chlorophyceae (Table 2 ). Table 2 shows that 4 of the 12 strains of cyanobacteria tested have an in vivo aR of at least 1.022-l .025, i.e. values that are likely to be significantly in excess of the accepted (Farquhar et al. 1989 ) aR value of 1.02 1 (caption to Table  2 ). The values of (XR for the Chlorophyceae are larger than those for cyanobacteria (Table 2) and could readily be construed as reflecting a true aR of 1.029, granted the Table 2 . Estimates of (Ye for RUBISCO of cyanobacteria and Chlorophyceae based on in vivo 13C : lzC measurements on cells grown at high CO, partial pressures which repress transport of inorganic C and yield cells with diffusive CO, entry with minimal diffusive limitation on CO, assimilation. cyK was calculated from (1 + A613C), where AaL3C equals 613C,,,,,,co2 minus #3Ccel, Orgc, and 613C is [13C/12Csamp,c)/(13C/12C~,~]-l, where the standard is the Pee-Dee belemnite (PDB). The A613C used here differs from the A used by Farquhar et al. (1989) , defined as A = W3CsourccCo2 -~13ce11.rsc)/l + ~13Ccell.rg.C1, since some references only given Afi13C, rather than P3C. Lell ors c and ~13Gource co2. The use of A613C rather than A causes a slight (10.003) under estimate of Q, as does any residual active inorganic-C entry, diffusive limitation on CO, entry (adir"sion = 1.007 in solution), and anaplerotic CO, fixation via carboxylases with a low a! value in terms of dissolved CO, (Raven and Farquhar 1990 Pardue et al. 1976 various factors causing the in vivo estimate to be less than the in vitro value for aR (caption to Table 2 ). Unfortunately, similar data sets are not available for taxa of O,-evolving microscopic phototrophs other than the cyanobacteria and Chlorophyceae. However, in vivo estimates of (XR for the freshwater haptophytic red alga Lemanea mamillosa (an organism with diffusive CO2 entry in an environment with high CO, concentration and rapid water flow minimizing unstirred layer thickness) also suggest an aR value in vitro of 1.029 (MacFarlane and Raven 1989). For chromophyte algae, the largest values of AP3C are not necessarily related to the presence of CO2 in excess of the atmosphericequilibrium concentration, but again values of (XR deduced from in vivo measurements are consistent with an in vitro aR of 1.029 (from AP3C data in Kerby and Raven 1985; Descolas-Gros and Fontugne 1990 ).
Our conclusion from the admittedly inadequate data on the range of (marine) phytoplankton is that aR seems to be similar to the 1.029 value for higher plants. Values for phytoplankton in the ocean are generally substantially < 1.029 (from AP3C data of Kerby and Raven 1985; Descolas-Gros and Fontugne 1990) . We attribute it to diffusive CO2 entry with a substantial limitation on the rate of photosynthesis by CO2 transport (%iffw.ion = 1.0007: Farquhar et al. 1989 ), or to active inorganic-C entry with very little discrimination between 13C and 12C, with some leakage of CO2 from the intracellular pool via a nondiscriminatory diffusion process that permits 12C02 and 13C02 loss in proportion to their ratio in the pool which is enriched in 13C02 by selective 12C02 fixation by RUBISCO (Raven 1990a; Sharkey and Berry 1985) .
The in vitro is 1.029 and anoplerotic fixation is small, to diffusion-restricting photosynthesis as 0.17-0.55 of the total limitation (transport and biochemical) on C assimilation. These values are rather higher than might be expected for Pco, of 10h3 m s-l at the membranes across which CO2 moves and an unstirred layer thickness equal to the cell radius (Raven 199 la, b) .
More data are available for marine phytoplankton cells which are likely to have active transport of inorganic C (Kerby and Raven 198 5; Descolas-Gros and Fontugne 1990; Table 1 ). A613C values suggest in vivo aR values in air-equilibrium seawater of 1.005-l .026 for these organisms (Kerby and Raven 1985) . The lowest values are consistent with very little CO, leakage from the intracellular pool (see Raven 1990a; Sharkey and Berry 1985). However, the highest values are found for noncoccolithophorid prymnesiophytes, one of which (Zsochrysis galbana) has been shown to have active influx of inorganic C (Wong and Sackett 1978; Bums and Beardall 1987;  Table 1 ). Raven (199Oa) pointed out that this (YR in vivo of 1.026 corresponds, if it results from CO2 leakage (penultimate paragraph and third point above), to a very substantial energy penalty that is not consistent with the observed photon cost of CO2 assimilation in Z. galbana. Raven (1990a) proposed an alternative explanation of the high A613C and hence (XR, i.e. that the back flux of inorganic C which removes it without further discrimination from the 1 V-enriched intracellular pool is an exchange reaction catalyzed by the inorganic-C pump; such an exchange, unlike net transport, would not need net metabolic energy input. This hypothesis is as yet untested.
Whether the suggestion of Raven (1990a) proves correct, there is a substantial, overlapping range of Aa1 3C (and hence (XR) values for marine phytoplankton growing in airequilibrated seawater with either diffusive CO, entry or with active influx of inorganic C. Although the range for organisms with active influx of inorganic C is greater and extends to much lower values (a, in vivo 1.005-1.026) than for organisms with diffusive CO2 entry (CUR in vivo 1 .O 13-l .024), it could reflect the limited data set available for cells relying on diffusive entry of CO,.
Accordingly, although 13C : 12C ratios are useful in understanding C assimilation in aquatic plants (MacFarlane and Raven 1989; Raven et al. 1987) , further data are needed if such measurements are to be useful in understanding the distribution of C assimilation processes in marine phytoplankton in relation to environmental variables such as the interacting trio of latitude, temperature, and free CO2 concentration (Rau et al. 1989; Descolas-Gros and Fontugne 1990) .
It is clear that despite the problems discussed above, active transport of inorganic C is the most likely explanation of the high affinity for inorganic C of photosynthesis in many marine microalgae and cyanobacteria; further discussion is based on the occurre:nce of active transport of inorganic C.
Implications of the mechanism of inorganic-C acquisition for the use of other resources Thle aim here is to review direct observations and computations based on less direct experimental evidence as to the cost in terms of other resources of C acquisition by marine phytoplankton as a function of the mechanism of C acquisition. By resource cost is meant rather different things for light and j:br nutrient elements. For the energy substrate light, which is used stoichiometrically in uptake and assimilation of inorganic C, the cost is mol photons (400-700 nm) absorbed per mol C assimilated. For the nutrient elements that are used catalytically in various parts of the photosynthetic mechanism, the cost is mol nutrient element in the photosynthetic apparatus require:d to permit fixation of 1 mol C s-l at some defined temperature (see Raven 198 8, 1990b) .
Light -The basic cycle of photosynthetic C reduction, with neither RUBISCO oxygenase activity nor an inorganic-C pump, uses 3 mol ATP and 2 mol NADPH to fix (Richardson et al. 1983) . In all cases, it is assumed that noncyclic electron transport from H,O to NADP+ (ultimately CO,) uses 2 photons per electron, pumping 3H+ and hence (H+/ATP = 3) yields 1 ATP per 2 photons (i.e. 8 photons yield 2 NADP+ and 4 ATP when the ATP requirement is high relative to that for NADP '). When less ATP is required relative to NADP' the H+ pumped per electron moving from H20 to NADP+ is reduced, with a lower limit of 2, so that 8 photons yield 2 NADP' and 2.67 ATP. 1 mol C02. With the ATP : NADPH stoichiometry described in the legend to Fig. 3 , the photon requirement would be 8 mol photon per mol C. This requirement can, with the assumptions of Raven (1984a,b) and Raven and Lucas (1985) , be converted into predicted specific rates of photosynthesis (mol C fixed per mol cell C s-l) as a function of incident photon flux density. This computation yields line 1 in Fig. 3 and corresponds to an alga with diffusive COZ entry with external O2 and CO2 concentrations that saturate the carboxylase and completely suppress the oxygenase activities of RUBISCO. Air-equilibrated seawater at 20°C with diffusive CO2 entry would yield various carboxylase : oxygenase ratios depending on the kinetics of the cell's RUBIS-CO. The various ratios of phosphoglycolate produced per mol C fixed and the resulting predicted specific growth rates if phosphoglycolate is metabolized by the cycle of photorespiratory C oxidation (see Raven 199 1 a, b) result in lines 2-4 in Fig. 3 . Note that the increasing energy demands as the flux of C through phosphoglycolate becomes an increasing function of the C fixation rate represent an increasing, but alt 2.20 H+ pumped per electron moving from H,O to NADP '), Plot 5. Active inorganic-C influx assuming 2 inorganic C moved in per ATP used, i.e. total cost of 3.5 ATP and 2 NADP+ per CO, fixed at photon flux densities which make the (fixed) CO, leak negligible relative to active inorganic-C influx. Photon cost is 8 photons per CO,; 2.63 H+ pumped per electron moving from H,O to NADP'. CO, permeability of the pumping membrane assumed to be 1 Ow7 m s-l; concentration difference for CO, ([CO,], -[CO&) = 50 mmol m-3 (completely suppresses RUBISCO oxygenase for kinetics assumed in plot (2). Plot 6. As for plot 5, but with ([CO,], -[CO,], appropriate (100 mmol m-3) to complete suppression of RUBISCO oxygenase for kinetics assumed in plot 3. Plot 7. As for plot 6 but with ([CO,], -[CO& appropriate (200 mmol m-3) to complete suppression of RUBISCO oxygenase for kinetics assumed in plot 4. Plot 8. As for plot 5, but with 1 inorganic C moved in per ATP used, i.e. total cost of 4 ATP and 2 NADP+ per CO2 fixed at photon flux densities which make the (fixed) CO2 leak negligible relative to active inorganic-C influx. Photon cost is 8 photons per CO,; 3 H+ pumped per electron moving from H,O to NADP+. Plot 9. As for plot 5, but with CO, permeability assumed to be 1O-6 m s-l. Plot 10. As for plot 5, but with CO, permeability assumed to be 1O-5 m s-l.
ways irradiance-independent, decrement in the C-specific photosynthetic rate.
This situation contrasts with the photon flux density dependence of the computed decrement in C-specific photosynthetic rate when an inorganic-C pump is operating. Here the finite permeability of biological membranes to CO, constitutes a leak that is not stoichometrically related to the photosynthetic rate (i.e. represents an increasing fractional decrement in the C-specific photosynthetic rate at lower photon flux densities), yielding a lower limit of incident photon flux density below which net photosynthesis cannot occur because more energy is needed to pump in leaked CO, than is available from photon absorption. Various assumptions on CO2 permeability, CO2 concentration differences, and ATP : inorganic C stoichiometries for the pump yield curves S-10 in Fig. 3 . It is clear that CO2 permeability coefficients in excess of -1 Ob7 m s-l could not permit photosynthesis with high photon yield as is observed at low photon flux densities in P. tricornutum (Geider et al. 19 8 5, 19 86) and other algae that seem to have an inorganic-C pump ( Raven  199 1 a, b) . Furthermore, other leak (H+ across the thylakoid membrane) and slip (S-states of O2 evolution) reactions also place lower limits on the photon flux densities that can support net inorganic-C assimilation. Although experimental data (Geider et al. 1985 (Geider et al. , 1986 show that these lower limits are lower than membrane physical chemistry (H+ and CO2 leakage) and kinetics of the O,-evolving complex (slip of S-states) predict, the theoretical occurrence of such finite lower limits, albeit lower than current knowledge predicts, is very likely.
Direct comparisons of photon yields of inorganic-C assimilation by marine phytoplankton cells with high or with low affinities for inorganic C when grown in air-equilibrated seawater are apparently unavailable. Data from freshwater and marine phytoplankton involving comparisons between cells with repressible high-affinity mechanisms of inorganic-C acquisition when grown at high or at low levels of inorganic C, but tested at low levels, show that the predicted (Fig. 3) lower photon costs of C assimilation with a high-affinity (CO, pump) than with a low-affinity (CO, diffusion) mechanism can be manifested in experimental data.
It thus appears that cells with inorganic-C pumps could show lower photon costs under natural conditions (i.e. have a higher rate of C-specific C fixation when light limited than do cells relying on CO, diffusion).
Nitrogen-The expectation here, following from work on higher land plants with diffusive CO1 entry (C,) and a biochemical CO2 pump (C,), is that the organisms with active transmembrane fluxes of inorganic C have a lower N cost of photosynthesis (lower value of mol N in cells required to yield a rate of C fixation of 1 mol s-l) than do those with diffusive C entry (see Raven 199 1 a, b) . The higher CO, : O2 ratio at the site of RUBISCO activity in the organism with a CO2 pump needs less RUBISCO and enzymes of phosphoglycolate metabolism to achieve a fixation rate of 1 mol C s-l, even when the extra protein (and N) costs of the pumping mechanism (see above) and (possibly) carbonic anhydrase are taken into account (Raven 199 1 a, b) .
Experimental data bearing on these predictions are rare for marine microalgae, and we would not wish to claim that the C : N molar ratio in N-limited or N-saturated growth is lower for cells relying on CO2 diffusion than in those with COZ pumps. However, the data in Fig. 2 show that the C-specific rate of growth of E. huxleyi is lower than that of P. tricornutum. This comparison involves cells of similar size and is thus unlikely to be confounded by size dependence of maximum specific growth rate (see Banse 1982) ; if the cells have similar C : N ratios, then the N cost of growth of the CO,-pumping diatom is less than that of the coccolithophorid relying on CO2 diffusion.
The available data suggest that the rate of growth per unit cell N may be higher for organisms with inorganic-C pumps, although the extent of growth with a limited N supply is less likely to differ between the cells with the two modes of C acquisition.
Fe, Mn, Mo-Analagous arguments are used here (Raven 1988 (Raven , 19906, 1991a to those used in considering N above, i.e. we consider the predicted quantity of metal in the cell which is needed to fix 1 mol C s-', taking into account the different quantities of redox components of photosynthesis, respiration, and (for growth on N03-) N assimilation predicted to be needed to account for the supply of ATP, NADPH, and N for protein synthesis. In the case of all three metals, analysis suggests that cells with COz pumps could have higher rates of C assimilation per mol metal in the cells and greater extents of C asimilation on a limited supply of metal than cells relying on COz diffusion. No direct experimental data seem to be available at this point.
Se, Zn -Once more using arguments similar to those used for N, the Se and Zn cost of achieving a COz fixation rate of 1 mol C s-l can be computed. The analysis here involves Se as a component of the glutathione peroxidase used in many marine microalgae to detoxify HzOz, which is likely to accumulate faster in cells with CO, pumps and hence a higher steady state level of O2 in the cells, and Zn as a component of carbonic anhydrase, again likely to occur in larger amounts in cells with CO2 pumps (Raven 199 la,b; Raven and Johnston in press). Here the cost of the elements (Se, Zn) is predicted to be higher in cells with CO2 pumps, i.e. the opposite of the predictions (and observations when available) on N, Fe, Mn, and MO; once more no direct data comparing elemental costs of growth of organisms with different mechanisms of C assimilation seem to be available.
Conclusions on resource costs of growth as a function of C acquisition, mechanism and relevance to regions of the ocean with ample N and P but (possibly) limited Fe Table 3 summarizes the predictions (and data) on resource costs as a function of the mechanism of C assimilation in marine microalgae for both rate of C assimilation per unit of resource and the extent of C assimilation on a fixed quantity of resource. In general the cells with CO2 pumps can have higher rates and extents of growth per unit of resource for photons, N, Fe, Mn, and MO, but cells relying on COzl diffusion should have higher rates and extents of growth per unit of Se and Zn. However, the predicted ratio of rates or extents of C assimilation in CO,-pumping cells relative to cells relying on CO2 diffusion does not exceed 2 for photons, N, Fe, Mn, or MO as the resources, although it may fall below 0.5 for Se and Zn. The extent to which these predictions are borne out in nature is unknown, although it is of interest that the coccolithophorids, which our analysis suggests should have higher photon, N, Fe, Mn, and MO costs of C assimilation than diatoms, are generally associated with waters of lower nutrient content! The predictions in Table 3 suggest that phytoplankton cells which pump COz should be able to grow faster than those with diffusive COz entry under Fe-limited conditions. Furthermore, the cells using CO, pumps should have a greater extent of growth with a limited supply of Fe than should those with CO, entering by diffusion. Thus, the prediction is that C could be fixed faster under Fe-limited conditions by diatom-dominated communities than by communities dominated by coccolithophorids (see Table I ). However, it must be emphasized that the Fe values in Table 3 are predictions, and data are needed to test the predictions. It is of interest that the Fe cost of growth of an oceanic diatom is an order of magnitude less than that of a coastal diatom of the same genus, although both presumably use COz pumps (Sunda et al. 199 1) .
Relevance of consideration of inorganic-C acquisition mechanisms and their interactions with the use of other resources to increasing atmospheric CO2 partial pressures Stumm and Morgan (198 1) showed that an increase in atmospheric CO2 partial pressure from 33 to 100 Pa would, via equilibration with surface seawater with a constant alkalinity of 2.47 eq m-3 at 15"C, increase carbonate alkalinity from 2.392 to 2.436 eq mA3, total dissolved inorganic C from 2.237 to 2.4 12 mol rnd3, and COz from 12.69 to 38.46 mmol m-3; pH would fall from 8.168 to 7.735. In the longer term, even with the maximum total release of COz by oxidation of reduced C in plant biomass, litter and soils, and in accessible fossil fuel reserves, equilibration with the total ocean would not increase total dissolved inorganic C to more than * 3 mol rnb3 (Raven 199 1 b) . Table 3 . Summary of predicted (p) and measured (m) ratio of resource costs for cells with CO2 pumps : cells relying on CO, diffusion in terms of rate and extent of growth (see Raven 1988 Raven , 1990b Raven and Johnston in press; Raven and Lucas 1985) . The basis of the predictions is the known biochemical and biophysical (transport) processes involved in growth [the mol C assimilated per mol photon absorbed or the mol C assimilated per second per mol of nutrient (N, Fe, Mn, MO, Se, or Zn) in the cell is derived from the photon yield of the processes involved in growth] and on the catalytic requirement for nutrients to bring about the processes involved in growth. The predictions of the extent of growth with the various resources relate to the extent of C assimilated per mol photon absorbed during the growth period or per mol catalytic nutrient acquired during the growth period. = Such increases in total dissolved inorganic C and in CO2 in the ocean would favor organisms that lack CO,-accumulating mechanisms under resource-limiting conditions. The basis for this assertion, which is the reverse of the conclusions as to the relative competitive advantage based on resource costs in the extant ocean (Table 3 ), is that an increased total inorganic C and COZ concentration would saturate photosynthesis of cells that currently rely on diffusive CO, entry (e.g. E. huxleyi: Fig. 2 ) and could cause repression of CO,-accumulating mechanisms and reversion to diffusive CO, entry in organisms that currently use active mechanisms of inorganic-C uptake (e.g. P. tricornutum: Fig. 2 ). Such cells, relying on diffusive COZ entry, would have repressed RUBISCO oxygenase activity without the resource costs of either the inorganic-c uptake mechanism or the occurrence of RUBISCO oxygenase and the photorespiratory cycle of C, such as are incurred by organisms growing in present-day seawater (see Raven 1990b, 199 la, b; Raven and Johnston in press).
We would thus anticipate that species composition of the phytoplankton would change, with increased representation of organisms that currently rely on diffusive entry of CO2 and of those that currently use active entry of inorganic C but which can repress this mechanism relative to organisms currently using active transport of inorganic C but which are less able to repress this mechanism at high concentrations of external inorganic C. Furthermore, we predict that phytoplankton productivity based on organic C or energy content would increase under the (normally) resource-limite:d conditions in the ocean, since organisms relying on CO, entry by difFusion from an essentially saturating CO, concentration are predicted to have higher growth rates with a constant steady state supply of a limiting resource and a higher total growth per unit of limiting resource. These predictions apply to photons, N, Fe, Mn, and MO as limiting resources. It must, however, be emphasized that they are predictions and aside from the need to test them on laboratory cultures their application to the ocean requires that other effects of increasing atmospheric COZ, such as increased mean ocean-surface temperature and changed ocean circulation must be considered (Fogg 1991) .
